Abstract. Using the most advanced model of the hadron resonance gas we reveal, at chemical freeze-out, remarkable irregularities such as an abrupt change of the effective number of degrees of freedom and plateaus in the collision-energy dependence of the entropy per baryon, total pion number per baryon, and thermal pion number per baryon at laboratory energies 6.9-11.6 AGeV. On the basis of the generalized shock adiabat model we show that these plateaus give evidence for the thermodynamic anomalous properties of the mixed phase at its boundary to the quark-gluon plasma (QGP). A new signal for QGP formation is suggested and justified. PACS:25.75.Nq, 25.75.Dw 
FIG. 1: Energy dependence of entropy density (circles) and temperature (squares) at chemical
freeze-out extracted in [6] from hadron multiplicities measured in heavy-ion collisions.
observed and are considered to be signals of the onset of deconfinement [4] , their relation to the QGP-hadron mixed phase is far from being clear. Therefore, additional and independent justification of these irregularities is required. This task is rather important in view of the planned heavy-ion collision experiments at JINR-NICA and GSI-FAIR. Evidently, searching for other irregularities and signals of mixed-phase formation and their justification is no less significant, but until recently such efforts were not very successful, since they require a realistic model which is able to accurately describe the existing experimental data and, thus, provide us with reliable information about the late stages of the heavy-ion collision process.
The recent extensions [5] [6] [7] [8] of the hadron resonance gas model [9] [10] [11] [12] [13] provide us with the most successful description of available hadronic multiplicities measured in heavy-ion collisions at AGS, SPS, and RHIC energies. The global values of χ 2 /dof 1.16 and χ 2 /dof 1.06 achieved, respectively, in [6] and [7] for 111 independent multiplicity ra- from 586 to 531 MeV [6] . In other words, for a 30% increase in the laboratory energy the degrees of freedom (squares), and the generalized specific volume X found by the model of [6] .
ratio s/T 3 increases by 70%. A similar change can be seen in the effective number of degrees of freedom in the same energy range, cf. Fig. 2 for the chemical FO pressure in units of
Note that a similar (and a somewhat stronger) rapid change in the number of effective degrees of freedom is observed in the most recent (former) version of the hadron resonance gas model [7, 8] ( [5, 12] ).
As one can see from , where ε is the energy density, p the pressure, and ρ B the baryonic charge density. It is remarkable that in all known examples of equations of state (EOS) describing the QGP-hadron transition a local minimum in the energy dependence of the X values of matter described by the shock or generalized shock model is observed right at the transition to the QGP, independently of whether this is a firstorder phase transition [14] [15] [16] [17] or a strong cross-over [14, 15] . Therefore, here we would like to reanalyze the generalized shock adiabat model developed in [14] [15] [16] [17] [18] in order to interpret the above irregularities and to verify the other signals of mixed-phase formation.
II. GENERALIZED SHOCK ADIABAT MODEL
Such a model was developed in [14] [15] [16] [17] [18] to extend the compression shock model [19] [20] [21] [22] [23] for regions of matter with anomalous thermodynamic properties. Similarly to nonrelativistic hydrodynamics [24] , in the relativistic case the matter is thermodynamically normal, if the quantity Σ ≡
is positive along the Poisson adiabat. Otherwise, for Σ < 0, the matter has thermodynamically anomalous properties. The sign of Σ defines the type of allowed simple and shock waves: for Σ > 0 rarefaction simple waves and compression shocks are stable. In the case of an anomalous medium compressional simple waves and rarefaction shocks are stable. If both signs of Σ are possible, then a more detailed investigation of the possible flow patterns is necessary [15, 17] . In fact, all known pure phases have thermodynamically normal properties, whereas anomalous properties may appear at a first-order phase transition [25, 26] , at its second-order critical endpoint [24] , or for a fast cross-over [15] .
The compression shock model of central nuclear collisions [19] [20] [21] [22] [23] allows one to determine the initial conditions for the subsequent hydrodynamic evolution. Such a picture of the collision process, which neglects the nuclear transparency, can be reasonably well justified at intermediate collision energies per nucleon 1 GeV ≤ E lab ≤ 15 GeV. At laboratory energies per nucleon up to 20 GeV this model can be used for quantitative estimates, while at higher energies it provides a qualitative description only. In the center-of-mass frame of the two colliding nuclei the initial moment of the collision can be considered as a hydrodynamic Riemann problem of an initial discontinuity. For normal media this kind of initial discontinuity leads to an appearance of two compression shocks that move in opposite directions toward the vacuum, leaving high-density matter at rest behind the shock fronts. The thermodynamic parameters X, p, ρ B of this compressed matter are related by the Rankine-Hugoniot-Taub (RHT) adiabat [24] with uncompressed matter in the state (X 0 , p 0 , ρ B0 ), ρ needs to know the EOS. Within the compression shock model the laboratory energy per nucleon is
where m N is the mean nucleon mass. A typical example for the shock adiabat is shown in Fig. 3 . As one can see from this figure the shock adiabat in the pure hadronic and QGP phases exhibits the typical (concave) behavior for a normal medium, while the mixed phase (the region A 1 B) in Fig. 3 has a convex shape which is typical for matter with anomalous properties. Until now there is no complete understanding why in a phase-transition or crossover region matter exhibits anomalous thermodynamic properties. In pure gaseous or liquid phases the interaction between the constituents at short distances is repulsive and, hence, at high densities the adiabatic compressibility of matter − ∂X ∂p s/ρ B usually decreases for increasing pressure, i.e.,
In the mixed phase there appears another possibility to compress matter: by converting the less dense phase into the more dense one.
As it was found for several EOS with a first-order phase transition between hadronic gas and QGP, the phase transformation leads to an increase of the compressibility in the mixed phase at higher pressures, i.e., to anomalous thermodynamic properties. The hadronic phase of the aforementioned EOS was described by the Walecka model [27] and by a few of its more realistic phenomenological generalizations [17, 28, 29] . The appearance of anomalous thermodynamic properties for a fast cross-over can be understood similarly, if one formally considers the cross-over states as a kind of mixed phase (but without sharp phase boundary), in which, however, none of the pure phases is able to completely dominate.
From Fig. 3 one sees that the presence of anomalous matter leads to mechanically unstable parts of the RHT adiabat (segment A 2 BC in Fig. 3 ) which include states in the mixed and the QGP phases. This is a model of W-kind [17, 27, 29] and its RHT adiabat in the instability region should be replaced by the generalized shock adiabat [15] [16] [17] . In the region of instability the shock wave for W-kind models has to be replaced by the following hydrodynamic solution [15] : a shock between states O and A 2 (on the RHT adiabat shown in Fig. 3 ), followed by a compressional simple wave (see after the other may appear, if all transitions to the mixed phase are unstable [15, 19] .
Shock transitions to mechanically unstable regions are accompanied by a thermodynamic instability, i.e., the entropy in such transitions decreases, while collision energy grows [15, 25, 26] . At the same time the mechanical stability condition of the generalized shock adiabat always leads to thermodynamic stability of its flows. Or in other words, along the correctly constructed generalized shock adiabat the entropy cannot decrease [18] . Among the possible solutions mentioned above an important role is played by the combination of a shock wave between the states O and A 2 , followed by a simple wave starting in the state A 2 and continuing to states located at the boundary between the mixed phase and the QGP [15] . For such a solution the entropy is conserved, i.e., the ratio of entropy density per baryon s/ρ B = const, because the whole entropy production is generated by a shock OA 2 to the Chapman-Jouguet point A 2 (see Fig. 3 ). This means that by increasing the collision energy one generates more compressed states which, however, have the same value of s/ρ B .
Based on this solution a signal for mixed-phase formation was suggested, provided that this instability of a W-kind model exists [15] [16] [17] . The important physical consequence of such an instability is a plateau in the collison-energy dependence of the total number of pions per baryon produced in a nuclear collision, i.e., ρ It is, of course, possible that the anomalous properties of the mixed phase do not generate the mechanical instabilities for the shock transitions to this phase [15] , like it was found for the Z-kind hadronic EOS [28] . Nevertheless, it was argued that even in the latter case a plateau-like structure in the entropy per baryon, and, hence, in the thermal pion multiplicity per baryon, should also be seen [15] [16] [17] . We investigated a few different schemes, but came to the conclusion that a 3-parameter fit is the most reliable and simple one. Since we are searching for a plateau it is clear that its height R A should be the same for a given quantity A ∈ {s/ρ B ; ρ th π /ρ B ; ρ tot π /ρ B }. The width of all plateaus in the collision energy should also be the same, since they are generated by the same physical mechanism. Let i 0 denote the beginning of plateau, while M denotes its width. Then one has to minimize
for all possible values of i 0 and M > 1. Here the subscript i counts the data points A i to be described, whereas δA i denotes the error of the corresponding quantity A i . We assume that the plateaus are correlated to each other, if χ 2 /dof is essentially smaller than 1. Also from the practical point of view it is necessary to find the set of maximally correlated plateaus for future experiments. The height of each plateau R A is found by minimizing χ 2 /dof in (3) with respect to R A and one gets
As one can see from the table below minimal values of χ 2 /dof < 0.2 are reached for M = 2, but these are not the widest plateaus. There exist two sets for M = 3 with χ 2 /dof 0.53
for the low-energy plateaus (at E lab 6.9 − 11.6 GeV) and with χ 2 /dof 0.34 for the high-energy plateaus (at E lab 30 − 40 GeV). Precisely these sets are depicted in Fig. 5 , since we believe that the high-energy set of E lab 20 − 40 GeV with the width M = 4
should not be taken into account because its value of χ 2 /dof 0.87 is too close to 1 and, therefore, such plateaus are not strongly correlated even for these huge error bars. Low energy minimum Intuitively, such a dependence seems to be true for other QGP EOS, if they correspond to a normal medium. On the other hand, the behavior of the variable X inside the mixed phase with anomalous properties is opposite and it does not depend on the stability or instability of the shock transitions to this region [15] [16] [17] . On the basis of these arguments one can understand the reason why the boundary of the mixed phase and QGP corresponds to a local minimum of the X variable along the RHT (shown in Fig. 3 ) or generalized shock adiabat and why it is also a minimum of X as function of collision energy [15] [16] [17] 29] .
In case of unstable shock transitions to the mixed phase, the unstable part of the mixed phase (segment A 2 B in Fig. 3) should be replaced by the Poisson adiabat passing through the point A 2 (the dotted curve shown in Fig. 3) . Consequently, if the matter formed in a collision expands isentropically after the shock OA 2 disappears, then it can be shown that for the final states which belong to the Poisson adiabat and, therefore, the growth of entropy density (see Fig. 1 ) and the decrease of the variable X shown in Fig. 2 are directly related to each other.
The same treatment can be applied to higher energies. In this case one has to write X Accounting for the above estimates, we conclude that the local minimum of the X variable is related to the minimum of the variable X on the generalized shock adiabat existing at the boundary between the mixed phase and QGP. Moreover, the above estimates show that the minimum of the X F O (E lab ) function corresponds to the minimum of the chemical freeze-out volume V F O (E lab ), reported in [12] and reanalyzed recently in [5] . Thus, we find that the minimum of V F O (E lab ) is generated by the unstable part of the RHT adiabat to the boundary of mixed and QGP phases, i.e., it is another signal of QGP formation.
Note that these conclusions were also verified numerically for the shock adiabat shown in
Figs. 3 and 5 and, hence, it is appropriate to present here the employed EOS. The hadron gas pressure used in the present work accounts for the mesonic and the (anti)baryonic states which are described by the masses m M , m B and by the temperature-dependent numbers of degrees of freedom [31] p
This EOS accounts for the short-range repulsion introduced via the excluded volume V H = The QGP EOS is motivated by the MIT-Bag model [30] known from lattice QCD [32] . The phase diagram was found from the Gibbs criterion, p H (T, µ B ) = p Q (T, µ B ). The resulting RHT adiabat describes the s/ρ B chemical FO data well (see Fig. 5 ).
III. DISCUSSION OF THE RESULTS
We have presented remarkable irregularities at chemical FO elucidated via a high-quality fit of experimental particle ratios obtained by the advanced version of the hadron resonance gas model. The achieved value of fit quality χ 2 /dof 1.16 gives us a high confidence in our findings. Among these irregularities we observed a dramatic jump of the effective number of degrees of freedom and a local minimum of the generalized specific volume
at center-of-mass collision energies √ s N N = 4.3 − 4.9 GeV. Also, at chemical FO we found plateaus in the collision-energy dependence of the entropy per baryon, of the total and of the thermal numbers of pions per baryon, which were predicted long ago [15] [16] [17] . We discussed the generalized shock adiabat model for low energy collisions and argued that the found plateaus and the minimum of X 
